Due to the growing demand for real-time and in-situ sample analysis, microplasma sources have become a powerful unit in various portable devices[@b1]. These microplasmas generally are used as excitation sources for optical emission spectrometry[@b2][@b3], ionization sources for mass spectrometry[@b4][@b5] and detectors for gas chromatography[@b6][@b7][@b8]. Although microplasma is small in size, namely at least one dimension below 1 mm, it can produce a series of highly energetic metastable particles which can provide sufficient energy to excite and ionize samples through penning ionization and energy transfer[@b9][@b10]. Because of the unique features of small size, light weight, and low power consumption, microplasmas have great advantages in coupling with the portable and battery-operated detection systems. Furthermore, they accord with the current developing trends of modern analytical instruments: "lab on a chip"[@b11] and "micro total analysis system" (μ-TAS)[@b12][@b13].

Microplasmas based optical emission spectrometry are widely used to detect volatile organic compounds (VOCs)[@b8][@b14], inorganic gases[@b15], and halogenated, nitrogenous, or phosphorous hydrocarbons[@b16][@b17]. These microplasmas include glow discharge (GD)[@b2][@b3][@b17], microhollow cathode discharge (MHCD)[@b18][@b19], dielectric barrier discharge (DBD)[@b20], minimize microwave induced plasma (MIP)[@b7], and capacitively coupled microplasma (CCμP)[@b15][@b21]. Glow discharge microplasmas are investigated by several laboratories because of their simple structure. Although various glow discharge microplasma detectors based optical emission spectrometry were reported in the literature[@b2][@b3][@b14][@b22], the previous microplasma structures are still suffering some design limitations and need to be further improved. Currently, there are two ways to collect emission light from microplasmas: an optical probe at the end of outlet[@b3][@b17] straightly in line with plasma gas flow, and a probe that collects light through the transparent wall of the discharge chamber[@b3][@b22]. In the first case, the carrier gas with higher flow rate is usually required to blow the microplasma out and also to ensure that the light can be effectively collected by the fiber. Carbon deposition is an issue that are brought by the incomplete combustion of organic compounds, reducing the emission light transfer to collection fiber and therefore decreases the sensitivity of detection in the second case. Furthermore, the most microplasma devices were made of glass or on fused silica wafers. The complex manufacturing progresses, such as etching micro gas channel and discharge chamber, cannot be completed manually and therefore, increasing the fabrication costs of microplasma device.

We here present a novel design of a microplasma device, namely chip-based ingroove microplasma (CIMP), with handily available ceramic plates. Stable microplasma can be easily generated between two electrodes, which were set face to face in each side of the ingroove chamber, and the optical fiber was set in perpendicular to the gas flow direction for optical signal detection. This new design not only simplified the structure of the microplasma generator, but also effectively enhanced the signals of CN species of organic compounds through the reaction between carbon-containing species and back-diffusion nitrogen from open air. Therefore, we create this way to detect various organic compounds with enhanced sensitivity. This article deals with the characteristics of the CIMP through the comparison with the microplasma jet, discusses experimentally and theoretically the signal-enhanced mechanism, optimizes the working parameters as excitation source for optical emission spectrometry, and evaluates the potential and performance of the microplasma chip for quantitative analysis by calculating the LODs, RSDs and liner correlation coefficients of calibration curves for VOCs.

Results
=======

Microplasma chip design
-----------------------

[Figure 1a](#f1){ref-type="fig"} shows the detailed schematic diagram of the ingroove microplasma on a chip. The microplasma generator (20 mm × 10 mm × 4 mm) was made on a ceramic baseboard chip (20 mm × 10 mm × 1 mm) including a gas channel, two electrodes and a discharge chamber. The gas channel and two electrodes were fixed on the ceramic baseboard chip by epoxy and ceramic bars. Besides, the discharge chamber including the groove was open to air and built by ceramic bars. Ceramic (Al~2~O~3~ ≥ 99%) was chosen to serve as the material of microplasma generator due to their thermo-stability, low cost and easy incision. A smooth quartz tube (1.0 mm i.d. × 2.0 mm o.d.) was used as the gas channel to reduce the fluctuation of plasma gas. The platinum electrodes were placed face to face in the ingroove discharge chamber (0.5 mm × 2 mm × 1.6 mm) and were set close to one end of the quartz tube. The gap between the two electrodes was about 0.5 mm. The length of the gas outlet was only 0.6 mm to benefit the transmission of light. The gas discharge chamber was also used as gas buffer chamber in order to keep microplasma stable and prolong the residence time of analytes in the microplasma. Based on the CIMP, a system of optical emission spectrometry was built to study the discharge mechanism and to optimize the working parameters of the CIMP as an excitation source.

The schematic diagram of the glow discharge optical emission spectrometry system is shown in [figure 1b](#f1){ref-type="fig"}. Argon was controlled by a mass flow controller and used as discharge gas and carrier gas. The device was driven by a direct current (DC) power source. A ballast resistor was used to limit the discharge current and to prevent glow-to-arc transition. The plasma was ignited when the voltage increased to 550 V in argon. The light emitted from microplasma was picked up by the optical fiber which was perpendicular to the gas outlet of the discharge chamber. The optical emission was collected onto the entrance slit of the spectrometer. The computer was connected with the spectrometer to show spectrum and to store data. All the experiments were at room temperature and at atmospheric pressure.

Characteristics of CIMP
-----------------------

The ingroove microplasma was ignited when the voltage between two electrodes rose to 550 V in argon and 830 V in air. The power consumption to maintain the microplasma was only 0.1--3 W. The negative glow region and the positive column can be obviously observed from the gas outlet of discharge chamber. As shown in [figure 2](#f2){ref-type="fig"}, the current-voltage characteristics of the microplasma were measured from 1.0 to13 mA. The voltage remained constant as the current changed in the region of 1.0 to 3.5 mA, which is the characteristic of normal glow discharge. Under this condition, the current density at the cathode remains constant and it was found that the area of the cathode covered by the glow expanded proportionally with the increase of current[@b23][@b24]. The cathode was fully covered when the current was beyond 3.5 mA. Then the voltage and current density were increased by increasing the current, meaning that the region was the abnormal glow discharge. The abnormal glow discharge is more commonly used to provide higher stability and detection sensitivity.

Compared with other microplasma-based excitation sources, this novel design dramatically improves the stability of microplasma and sensitivity of detection with easily available materials. Stable microplasma was easily generated and sustained between two electrodes, which was placed face to face in a cube-shaped ingroove chamber, since then the stability of microplasma was improved by avoiding the direct contact with discharge chamber and the excitation capability of this source was improved by reducing the collision of active species with the discharge chamber[@b25]. Since the discharge chamber was also used as the gas buffer chamber, this design not only prolong the residence time of analytes in microplasma but also improves the stability of microplasma by reducing the fluctuation of Ar and air for discharge chamber. In addition, due to the exposure of the discharge chamber to open air, the back-diffusion nitrogen can enter into the microplasma and react with the carbon-containing species into CN species at low Ar flow rate. The emission intensity of CN species was significantly improved with this new ingroove microplasma. Therefore, the detection limits was relatively low through the analytical line of CN. This reaction mechanism will be explained in a later section. The optical fiber was perpendicular to the gas outlet of discharge chamber for detection to avoid the main effluent stream. Therefore, the fiber was not affected by any deposition and/or contamination of the effluent stream.

In order to illustrate the unique feature of this novel design of the ingroove microplasma, a comparison of this CIMP with our previous designed microplasma jet was made. The microplasma jet ([Fig 3a](#f3){ref-type="fig"}) was used to compare its performance with the CIMP. All the parameters for the testing microplasma jet, such as its gas inlet, gap of electrodes, and breakdown voltages, were set same as CIMP. The comparison of the two types of microplasmas was made mainly in two aspects: the gas consumption, and their analytical performance for organic compounds.

The flow rate of argon for the microplasma jet was above 550 mL/min in the process of detection. Higher flower rate was required in order to blow microplasma out. However, the CIMP was not restricted with the flow rate of argon and then about 120 mL/min argon was used to reduce the disturbance of air and keep the stability of base lines for detection.

Their analytical performance for organic samples were compared by injecting 0.4 μL acetone vapor into two microplasmas respectively in their optimized conditions. From the emission spectra ([Fig. 4](#f4){ref-type="fig"}) of acetone with two microplasma devices, it can be observed that the emission lines of nitrogen-containing species were shown in both emission spectra, however, only the emission line of CN species was extremely strong for the CIMP. The reason for this phenomenon is that the nitrogen in the open air can be back diffusion into the core of microplasma, and react with C, CH and C~2~ species and turning them into CN adequately in the CIMP. While in case of the microplasma jet, although all the emission spectra of CN, CH, and C~2~ species could be observed, their intensities were relatively weak due to the higher flow rate of Ar. In such case, most nitrogen in open air can only be back diffusion into the plume of microplasma, and cannot fully react with the carbon-containing species into CN. Therefore, the CIMP is a signal-enhanced excitation source and more suitable for quantitative determination. As shown in [figure 3b](#f3){ref-type="fig"}, the response of the CIMP for same amount of acetone was significantly higher and its base line (387.20 nm) for detection was much more stable than that of the microplasma jet in the same integration time and the number of spectrum average of the spectrometer. The higher response and more stable base lines for organic samples indicate that the sensitivity of detection is higher than that of the microplasma jet.

Due to the lower Ar flow rate and the gas buffer chamber, the analytes can stay longer time in CIMP than that in microplasma jet. Longer residence time of CIMP contribute to the dissociation of samples and the reaction with back-diffusion nitrogen. In addition, since the microplasma in the CIMP does not interact with discharge chamber, the collision of active species with discharge chamber is reduced and more active species in microplasma can be used to excite analytes. Moreover, the microplasma is less affected by the fluctuation of Ar and air flows with the help of gas buffer chamber. This feature improves the stability of the chip-based microplasma. On the contrary, the analytes are blew out directly when they pass through the microplasma in the microplasma jet, and the higher Ar flow rate reduces the residence time of analytes in microplasma. In addition, the contact of microplasma with the gas outlet also reduces the excitation capability and the stability of microplasma jet. Therefore, the stability and sensitivity of CIMP is significantly better than that of the microplasma jet. Other organic compounds and base lines (431.43 nm and 516.03 nm) for detection were also compared between the two types of the microplasmas, and similar phenomenon was found.

Background spectra and signal enhancement mechanisms
----------------------------------------------------

The organic compounds were excited and ionized through two major mechanisms: Penning ionization (M^0^ + Ar\* → M^+^ + Ar^0^ + e^−^), in which the potential energy of metastable argon was transferred to organic compounds resulting in excitation, and energy transfer (M^0^ + e^−^ → M^+^ + 2e^−^), where a kinetic energy transferred from an energetic electron to organic compounds[@b9]. Since metastable argon species have high excitation potentials (the ^3^P~2~ at 11.55 eV and the ^3^P~0~ at 11.72 eV), the samples with the ionization potential lower than metastable argon levels can be excited for providing analytical information in microplasma. Since the microplasma is a low-energy source, the samples may not be completely dissociated and their molecular spectral lines are usually used for quantitative and qualitative analysis[@b26]. The background spectrum of pure Ar was shown in [figure 5a](#f5){ref-type="fig"}, with Ar working conditions of 130 mL/min, 10 mA and 215 V. The major emission lines of argon (695.65, 762.53 nm, 771.34 nm, etc.) were gathered in the wavelengths between 690--925 nm by the transition of 4p → 4s. The strong emission lines of OH (A^2^Σ → X^2^Π) at 308.81 nm, NH (A^3^Π → X^3^Σ^−^) at 335.79 nm, and N~2~ (C^3^Π~μ~ → B^3^Π~g~) at 356.66 nm and 379.81 nm were also found in the region of 280--380 nm due to the presence of impurities such as water and nitrogen in argon and back-diffusion air[@b27][@b28]. The formation of excited N~2~ and OH may attribute to the Penning ionization (Ar\* + N~2~^0^ → N~2~ (C^3^Π~μ~) + Ar^0^; N~2~ (C^3^Π~μ~) → N~2~ (B^3^Π~g~) + hv; Ar\* + H~2~O → OH + H + Ar^0^) and energy transfer (N~2~^0^ + e^−^ → N~2~\* + e^−^; H~2~O + e^−^ → OH + H + e^−^).

The phenomenon of back-diffusion nitrogen was mentioned in many articles before. The back-diffusion nitrogen was usually discussed as the interference of emission spectra affecting the carbon-containing species. However, we here apply the back-diffusion nitrogen to react with the carbon-contain species (C, CH and C~2~) into CN and used the enhanced CN line at 387.20 nm to detect organic compounds to effectively improve the detection sensitivity. Therefore, the CN emission lines were obviously increased and the emission lines of CH and C~2~ species were significantly decreased when comparing with the microplasma jet ([Fig. 4](#f4){ref-type="fig"}). Due to the short gas outlet, nitrogen was back-diffusion into microplasma when the CIMP was ignited. The samples injected were excited into several carbon-containing species, and then these excited species reacted with back-diffusion nitrogen and therefore, emitted special lines for detection ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). The reaction steps of carbon-containing species with nitrogen[@b29][@b30] probably are as follows:

From the reaction steps presented above, N~2~ can react with CH, C, and C~2~ species to generate CN species. For this reason, the relatively high content of N~2~ in microplasma helps to improve the emission intensity of CN (B^2^Σ → X^2^Σ). This can explain the phenomenon that the emission line of CN is strong in the emission spectra of the organic compounds which do not contain nitrogen, such as the spectra of acetone and hexane ([Fig. 4a](#f4){ref-type="fig"} and [Fig. 5c](#f5){ref-type="fig"}). Due to the existing of nitrogen, the emission intensity of C~2~ species (a^3^Π~μ~ → d^3^Π~g~) is decreased. However, reaction (1) and (2) are the main source of CN species, since then nitrogen reacts with CH strongly and the emission intensity of CH species (A^2^Δ → X^2^Π) is weak for CIMP. To confirm this conclusion, we experienced the effect of microplasma discharge gap ([Fig. 6a](#f6){ref-type="fig"}) and argon flow rate ([Fig. 6b](#f6){ref-type="fig"}) on intensities of three main emission lines to optimize detection parameter in later sections, because larger discharge gap and lower argon flow rate benefit back-diffusion nitrogen into the microplasma.

Optimization of the working parameters
--------------------------------------

Before the sample detection, the discharge gap, Ar flow rate, and discharge power were examined to achieve maximum stability and sensitivity.

The discharge gap has duple influence on detection. Larger gap may benefit the increase of the signal level, because samples can enter the gap more sufficiently to dissociate. But it also increases the breakdown voltage, according to Paschen law[@b23]. If the gap is beyond 0.6 mm, the microplasma will be blew out and then light from microplasma will be dispersive. For this reason, the response does not increase obviously with the increase of discharge gap when the gap is beyond 0.6 mm. Four microplasma devices with different gaps were made to optimize the discharge gap, which are about 0.1 mm, 0.3 mm, 0.6 mm, and 0.9 mm, and their breakdown voltages were 230 V, 400 V, 620 V, and 860 V, respectively. These emission lines of the different microplasmas were obtained by injecting the same amount of hexane vapor at Ar flow rate of 130 mL/min ([Fig. 6a](#f6){ref-type="fig"}) and 550 mL/min ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). Since larger gap brought more nitrogen from air into the microplasma, the intensity of 387.20 nm (CN, B^2^Σ → X^2^Σ) was increased obviously with the increase of gap. Although larger gap benefits samples to enter the microplasma sufficiently, the back-diffusion nitrogen affected the intensity of C~2~ considerably when the gap was beyond 0.6 mm. Therefore, the intensity of 516.20 nm (C~2~, a^3^Π~μ~ → d^3^Π~g~) increased first and then decreased with the further increase of gap distance. The CH was affected by nitrogen all the time, and the intensity of 431.43 nm (CH, A^2^Δ → X^2^Π) was always weak in all four cases. Considering the breakdown voltage for portability of this device and detection capabilities for organic compounds, the microplasma with discharge gap 0.5 mm was used in the sample detection.

Argon was used as support gas and carrier gas in this device. Higher Ar flow rate can reduce the external disturbance to improve the stability of microplasma. But it decreases portability of this devices and inhibits molecular excitation by cooling the microplasma and discharge chamber, reducing the intensity of the excitation source, diluting the analytes and reducing the residence time of emitting species in the microplasma[@b31][@b32][@b33]. The flow rate was optimized by repeatedly injecting the same amount of hexane vapor into CIMP with varying the argon flow rate from 40 mL/min to 730 mL/min. The emission intensities at various flow rate at 387.20 nm, 431.43 nm, and 516.05 nm were shown in [figure 6b](#f6){ref-type="fig"}. Since back-diffusion nitrogen is decreased with the flow rate increase, the intensity at 387.20 nm (CN) firstly dropped and then remained unchanged with the further increase of flow when nitrogen tended to be balanced in microplasma. The intensity at 516.05 nm increased first and then kept constant, but always lower than the intensity at 387.20 nm.

The effect of air on analytical line at 387.20 nm was measured by injecting 6 μL air into the microplasma with argon at 130 mL/min ([Fig. 5b](#f5){ref-type="fig"}). There was no peak at 387.20 nm in the air emission spectrum. Therefore, air has no effect on analytical line of 387.20 nm, and the carbon in CN species all comes from organic compounds. Furthermore, the nitrogen in microplasma is sufficient for trace amounts of samples. Therefore, the emission line of CN at 387.20 was used as analytical line of organic samples to quantitative analysis. Since the baseline was less stable when the argon flow rate was below 120 mL/min, the flow rate of 120 \~ 130 mL/min was used for sample detection[@b34]. This rate range can greatly reduce the consumption of gas, and improve the response of CN (387.20 nm) through the increase of back-diffusion nitrogen, as well as ensure the stability of the microplasma. The typical emission spectrum of hexane in the optimized Ar flow rate was shown in [figure 5c](#f5){ref-type="fig"}.

The discharge power in detection is also a major factor which determines the operational characteristics of the microplasma source. In the progress of optimization of power, the increase of discharge current was beneficial for the emission intensity. However, the emission intensity tended to remain constant, when the current was more than 10 mA ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). So the discharge current of 10 mA and power of 2.15 W were used to detect organic samples in the following experiments.

Analytical performance
----------------------

To evaluate the analytical potential of this CIMP as the excitation source of optical emission spectrometry, several common VOCs were detected, including acetone, hydrocarbons, methanol, ether, and benzenes. All the detection processes were done in optimized conditions and the emission line of CN at 387.20 nm was measured and calibrated. Liner correlation coefficients of calibration curves for these analytes were all better than 0.99, which can be further improved through automatic injection system. The calibration curve of hexane was shown in [Supplementary Figure S4](#s1){ref-type="supplementary-material"} and a limit of detection (LOD) of 3.2 ppb (104 pg) for hexane was obtained. The LODs of several other compounds were in a few ppb (v/v) as shown in [table 1](#t1){ref-type="table"}. The precision, expressed as relative standard deviations (RSDs) of 11 replicate measurements, was 1.8% \~ 4.1% ([Supplementary Fig. S5](#s1){ref-type="supplementary-material"}).

Generally, carbon deposition and short lifetime of the electrodes are the main limitations of direct current microplasma[@b3]. However, in this work, little carbon deposition was found in the discharge chamber for CIMP and therefore, had no effect on the emission intensity of microplasma. One important reason for little carbon deposition is that nitrogen and oxygen in the back-diffusion air can reduce carbon deposition inside the discharge chamber. Platinum with low sputtering was used as electrodes and prolonged the lifetime of the microplasma. The performance of this device had no obvious change during several months running.

Discussion
==========

A novel chip-based ingroove microplasma (CIMP) was successfully used as an excitation source for optical emission spectrometer. Experiments have been demonstrated that the design of CIMP can effectively improve the stability of microplasma and enhance the signal of the analytical line CN. The enhanced emission line of CN at 387.20 nm was applied to detect organic compounds. The LODs of organic compounds were down to several ppb (v/v) and linear correlation coefficients of calibration curves were better than 0.99. Therefore it is sensitive and accurate for the detection of organic samples. The structure of the source will be further optimized to improve the system performance and the new source will be integrated and assembled into a portable optical spectrometer for total organic carbon detection, or coupled to a gas chromatography for separation and detection of the mixture of organic compounds in the future. More importantly, the features of low gas consumption, low power consumption, small size, easy operation, good sensitivity and good reproducibility show great potentials for this new source in practical use. The CIMP could be applied for field-portable and real-time detection, such as the air quality monitoring of factories and residential areas.

Methods
=======

Chemicals and reagents
----------------------

All chemicals were of analytical-reagent grade and used directly without any further purification. Argon (99.99%) provided by Qiao Yuan Gas Company (Chengdu, China) was used as both carrier gas and support gas.

System and procedures in detail
-------------------------------

Argon was used as discharge gas and carrier gas. Gas flow rate was controlled by a mass flow controller (D07-19B, Sevenstar, Beijing, China) in the range of 0--1000 mL/min. The device was driven by a direct current power source (Dongwen Corporation, Tianjin, China). A 50 kΩ ballast resistor was used to limit the discharge current and to prevent glow-to-arc transition. The plasma was ignited when the voltage increased to 550 V in argon. The light emitted from microplasma was picked up by the optical fiber which was set in perpendicular to the gas outlet of the discharge chamber. The optical emission was collected onto the entrance slit of the spectrometer (HR2000+, Ocean Optics Inc., FL, USA,). This linear CCD-array detector with 2048-element pixels was able to detect the whole spectrum from 200 to 1100 nm. The computer was connected with the spectrometer to show spectrum and to store date.

Safety hazard note
------------------

The CIMP calls for DC voltage up to several hundred volts to generate the microplasma, thus care should be taken in order to avoid electric shot.

Calculation of microplasma power
--------------------------------

The microplasma power was calculated as the current of the discharge circuit multiplies the voltage between the two electrodes. The voltage between the two electrodes obtained by the voltage of the discharge circuit subtracts the voltage of the ballast resistor.

Sample introduction
-------------------

The organic samples were introduced with a microsyringe by manual injection from the gas inlet line to evaluate the potential of this microplasma chip for quantitative analysis. These VOCs were diluted with argon in gas sampling bags. A certain amount of liquid of highly VOCs, such as hexane and acetone, were respectively injected into the 0.5 L aluminum foil bags which were filled with a known volume of argon before. The bags were kept at room temperature for hours to ensure the liquid volatilized completely. Then several-microliter gases were injected directly into inlet line with argon for detection.

Calculation of limits of detection
----------------------------------

The limits of detection (LODs) were calculated as 3 *s* *m*^−1^, where *s* was the standard deviation of 11 blank measurements and *m* was the slope of the calibration curve, respectively.
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![Schematic diagrams of the device.\
(a) The schematic diagram of the ingroove microplasma on a chip. (b) The schematic diagram of the microplasma optical emission spectrometry system.](srep04803-f1){#f1}

![Current-voltage characteristics of the microplasma device: Ar flow rate, 130 mL/min.](srep04803-f2){#f2}

![(a) The schematic diagram of the microplasma jet. (b) The sequence diagram of two microplasmas at 387.20 nm in their optimized conditions: (1) CIMP: Ar flow rate, 130 mL/min; current, 10 mA; integration time, 400 ms; the number of spectrum average, 1. (2) the microplasma jet: Ar flow rate, 550 mL/min; current, 10 mA; integration time, 400 ms; the number of spectrum average, 1.](srep04803-f3){#f3}

![The typical emission spectra.\
(a) The acetone spectrum with CIMP. (b) The acetone spectrum with the microplasma jet.](srep04803-f4){#f4}

![The typical emission spectra: (a) pure Ar: Ar flow rate, 130 mL/min; (b) 6 μL air was injected into microplasma: Ar flow rate, 130 mL/min; (c) 0.5 μL saturated hexane was injected into microplasma: Ar flow rate, 130 mL/min; current: 10 mA.](srep04803-f5){#f5}

![Optimization of microplasma discharge gap and Ar flow rate.\
(a) discharge gap: Ar flow rate, 130 mL/min. (b) Ar flow rate: current, 10 mA; 0.3 μL saturated hexane.](srep04803-f6){#f6}

###### Analytical performance of CIMP with direct injection

  Compound    LOD (pg)   LOD (ppb v/v)   R^2^
  ---------- ---------- --------------- -------
  Acetone        80           3.4        0.997
  Pentane        75           3.9        0.992
  Hexane        104           3.2        0.998
  Methanol      115           3.6        0.999
  Ether          55           2.6        0.996
  Benzene       135           3.1        0.992
